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INTRODUCTION

Most anticancer agents eradicate tumor cells by the induction of apoptosis.

Tumor cells, in turn, have adopted various mechanisms to resist apoptosis. Natural

inhibitors of apoptosis, such as Bcl-2 and lAP family members, protect the tumor cells

from the apoptotic effects of various antineoplastic agents via different mechanisms.

Therefore, there is a need to enhance the apoptosis-inducing potential of

chemotherapeutic drugs and sensitize drug resistant cells for effective cancer therapy.

TRAIL/Apo-2L is a novel anticancer agent that has been shown to induce

apoptosis in a variety of tumor cells of diverse origin both in vitro and in vivo (1-4).

TRAIL can bind to five distinct death receptors of TNF receptor family namely TRAIL-

RI/DR4, TRAIL-R2/DR5, TRAIL-R3 /DcR1/TRID, TRAIL-R4 /DcR2/TRUNDD, and

osteoprotegerin (4). Binding of TRAIL to its receptors DR4 and DR5 results in

recruitment of the adaptor protein FADD, which in turn recruits and activates caspase-8

(4, 5). Active caspase-8 transmits signal either by activating downstream caspase-3 or

by cleaving Bid to truncated Bid (6). Translocation of tBid to mitochondria triggers Bax

and Bak oligomerization, releases mitochondrial proteins, activates downstream

caspases and induces apoptosis (7, 8). Caspase-8-mediated Bid processing therefore

bridges the extrinsic death receptor-mediated pathway of apoptosis to the intrinsic

mitochondrial pathway (8, 9). This provides a mechanism to amplify the execution

signal and exacerbate the pace of cell demise. The Bcl-2 family proteins regulate

apoptosis by acting mainly at the level of mitochondria (10).

Mitochondrial membrane potential plays an important role in the exchange of

ions and various molecules for the formation of apoptosomes (11, 12). Loss of

membrane potential leads to opening of the permeability transition pore leaking the

inner components into cytosol, which provide the executing signals for apoptosis (13,

14). The release of mitochondrial protein cytochrome c is essential for the formation of

apoptosomes and activation of caspase-9 in type II cells (6, 15, 16). Activation of

caspase-9 causes activation of down-stream caspases (caspase-3, caspase-6, and

caspase-7), which result in apoptosis. Like cytochrome c, Smac/DIABLO is localized in

mitochondria (17). Based largely upon in vitro studies, Smac/DIABLO appears to
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function by neutralizing the caspase-inhibitory properties of the lAP family of proteins by

binding to BIR2 and BIR3 domains, particularly XIAP (18-20). XIAP is an endogenous

inhibitor of caspase-3, -7, and -9. Current data suggest a model whereby the ability of

XIAP to repress active caspase-9 within the apoptosome complex is overcome by

displacement of XIAP from caspase-9 by Smac/DIABLO (21, 22). Similarly, HtrA2/Omi

is released from mitochondria and inhibits the function of XIAP by direct binding in a

similar way to Smac (23, 24).

Smac/DIABLO is encoded by a nuclear gene and is subsequently imported into

mitochondria (17, 24). The N-terminus of Smac (55 residues containing the

mitochondrial targeting sequences, MTS) is removed by proteolysis to generate the

mature and functional form (containing 184 amino acids) of the molecule during

mitochondrial import (17, 22, 24). Interestingly, mature Smac/DIABLO exists as a

dimer, mediated by a hydrophobic interface within the N-termini of individual

Smac/DIABLO molecules (22). Mutations that disrupt Smac/DIABLO dimer formation

abrogate the XIAP-neutralizing ability of this molecule, suggesting that Smac/DIABLO

dimerization is essential for its proapoptotic activity (22). Ectopic overexpression of

Smac potentiates epothilone B derivative (BMS)-induced apoptosis (25). Furthermore,

Smac agonists sensitized various tumor cells in vitro and malignant glioma cells in vivo

for apoptosis induced by death-receptor ligation or cytotoxic drugs (26). Most

importantly, Smac peptides strongly enhanced the antitumor activity of TRAIL in an

intracranial malignant glioma xenograft model in vivo (26). Complete eradication of

established tumors and survival of mice was only achieved upon combined treatment

with Smac peptides and TRAIL without detectable toxicity to normal brain tissue (26).

Thus, Smac agonists are promising candidates for cancer therapy by potentiating

cytotoxic therapies.

Hypothesis. We hypothesize that Smac/DIABLO enhances the apoptosis-inducing

potential of chemotherapeutic drugs and sensitizes TRAIL-resistant cells by promoting

caspase-3 activity and by neutralizing the inhibitory effect of lAPs.

5



Objective: The objective of the project was to investigate the clinical potential of the

second mitochondria-derived activator of caspase (Smac/DIABLO) in enhancing the

apoptosis-inducing potential of commonly used anticancer drugs (paclitaxel,

doxorubicin, and tamoxifen) and TRAIL in breast carcinoma.

BODY

Interactive effects of SmaclDIABLO with chemotherapeutic drugs or TRAIL on cell

viability and apoptosis

We have taken two approaches to examine the effects of Smac/DIABLO in

breast cancer cells. In first approach, the Smac/DIABLO (Smac/DIABLO N7, H-

AVPIAQK-OH) and control peptides were used. In the second approach, cells were

transfected with plasmids expressing full length Smac/DIABLO (pCDNA3-

Smac/DIABLO-flag), A55 Smac/DIABLO (pCDNA3- A55 Smac/DIABLO-flag) or neo

(pCDNA3-neo-flag). The NH2 terminus of Smac/DIABLO (55 residues containing the

MTSs) is removed by proteolysis to generate the mature and functional form (containing

184 amino acid) of the molecule during mitochondrial import. The goal was to increase

the amount of Smac in the cytosol either by pharmacological or genetic method.

We first measured the effects of Smac/DIABLO on cell viability and apoptosis of

MCF-7 breast cancer cells (Fig. 1). Control Smac/DIABLO peptide (Smac/DIABLO C)

had no effect on cell viability and apoptosis. Smac/DIABLO peptide (Smac/DIABLO P)

slightly inhibited viability and induced apoptosis (Fig. 1 A and B). Treatment of MCF-7

cells with Smac/DIABLO peptide increased the effects of TRAIL on cell viability and

apoptosis. Overexpression of full length Smac/DIABLO or A55 Smac/DIABLO

enhanced TRAIL-induced apoptosis in MCF-7 cells (Fig. 1C). We next examined the

effects of Smac/DIABLO on TRAIL-resistant MDA-MB-453 and MDA-MB-468 breast

cancer cells. Smac/DIABLO peptide (25 -100 pM) sensitized TRAIL-resistant MDA-MB-
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453 and MDA-MB-468 breast cancer cells in a dose-dependent manner (Fig. 1 D and

E).
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Fg1.Interactive effects of Smac/DIABLO with TRAIL on cell viability and apoptosis.

(A), MCF-7 cells were pretreated with either Smac/DIABLO control peptide (25 pM) or

Smac/DIABLO N7 peptide (25 pM) for 12 h, followed by treatment with TRAIL (75 nM)

for 36 h. Cell viability was measured by XTT assay. (B), MCF-7 cells were pretreated

with either Smac/DIABLO control peptide (25 pM) or Smac/DIABLO N-7 peptide (25

pM) for 12 h, followed by treatment with TRAIL (75 nM) for 36 h. Apoptosis was

measured by Annexin V-FITC and P.1. staining. (C), MCF-7 cells were transiently

transfected with plasmids expressing Smac/DIABLO full length, Smac A55 or neo for 24

h, and treated with TRAIL (75 nM) for 36 h. Cell viability was measured by XTT assay.

Data represent mean ± SE. Samc C = Samc control peptide, Smac P = Smac N7

peptide. (D), MDA-MB-453 cells were pretreated with various doses of either

Smac/DIABLO control peptide (0-100 pMV) or Smac/DIABLO N-7 peptide (0-100 pM) for

12 h, followed by treatment with TRAIL (75 nM) for 36 h. Cell viability was measured by

XTT assay. Data represent mean ± SE. (E), MDA-MB-468 cells were pretreated with
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various doses of either Smac/DIABLO control peptide (0-100 pM) or Smac/DIABLO N-7

peptide (0-100 pM) for 12 h, followed by treatment with TRAIL (75 nM) for 36 h. Cell

viability was measured by XTT assay. Data represent mean ± SE.

In addition to TRAIL, we have also used commonly used anticancer drugs

(tamoxifen, doxorubicin and paclitaxel) and irradiation as therapeutic agents.

Overexpression of full-length Smac/DIABLO (Smac/DIABLO FL) or mature form of

Smac/DIABLO (Smac/DIABLO A55) enhanced the inhibitory effects of tamoxifen,

doxorubicin, and paclitaxel on cell viability, and sensitized MDA-MB-453 and MDA-MB-

468 cells to TRAIL (Fig. 2A and B). Furthermore, overexpression of Smac/DIABLO FL

or Smac/DIABLO A55 enhanced paclitaxel-, doxorubicin-, etoposide, tamoxifen-, and

irradiation-induced apoptosis, and sensitized MDA-MB-453 and MDA-MB-468 cells to

TRAIL (Fig. 2C and D). Smac/DIABLO A55 was more effective in inhibiting cell viability

and promoting apoptosis compared to full length Smac/DIABLO.
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Since overexpression of Smac/DIABLO enhanced the apoptosis-inducing

potential of chemotherapeutic drugs and irradiation, and sensitize TRAIL-resistant cells,

we next sought to examine the interactive effects of Smac/DIABLO peptide with these

agents (Fig. 2 E and F). As expected, Smac/DIABLO peptide enhanced paclitaxel-,

doxorubicin-, etoposide-, tamoxifen-, and irradiation-induced apoptosis, and sensitized

TRAIL-resistant MDA-MB-453 and MDA-MB-468 cells to TRAIL. Control peptide, in the

presence or absence of drugs or irradiation, had no effect on apoptosis.

Fig. 2. Effects of Smac/DIABLO with chemotherapeutic drugs or TRAIL on cell viability.

(A), MDA-MB-453 cells were transiently transfected with plasmids expressing

Smac/DIABLO full length, Smac A55 or neo for 24 h, and treated with tamoxifen (100

nm), doxorubicin (100 nM), paclitaxel (100 nM) or TRAIL (75 nM) for 36 h. Cell viability

was measured by XTT assay. Data represent mean ± SE. (B), MDA-MB-468 cells were

transiently transfected with plasmids expressing Smac/DIABLO full length, Smac A55 or

neo for 24 h, and treated with tamoxifen (100 nM), doxorubicin (100 nM), paclitaxel (100

nM) or TRAIL (75 nM) for 36 h. Cell viability was measured by XTT assay. Data

represent mean ± SE. (C), MDA-MB-453 cells were transiently transfected with

plasmids expressing Smac/DIABLO full length, Smac A55 or neo for 24 h, and treated

with paclitaxel (100 nM), doxorubicin (100 nM), etoposide (100 nM), tamoxifen (100

nm), irradiation (5 Gy) or TRAIL (75 nM) for 36 h. Apoptosis was measured by DAPI

staining. Data represent mean ± SE. (D), MDA-MB-468 cells were transiently

transfected with plasmids expressing Smac/DIABLO full length, Smac A55 or neo for 24

h, and treated with paclitaxel (100 nM), doxorubicin (100 nM), etoposide (100 nM),

tamoxifen (100 nm), irradiation (5 Gy) or TRAIL (75 nM) for 36 h. Apoptosis was

measured by DAPI staining. Data represent mean ± SE. (E), MDA-MB-453 cells were

pretreated with either Smac control peptide (25 pM) or Smac N-7 peptide (25 pM) for 12

h, and treated with paclitaxel (100 nM), doxorubicin (100 nM), etoposide (100 nM),

tamoxifen (100 nm), irradiation (5 Gy) or TRAIL (75 nM) for 36 h. Apoptosis was

measured by DAPI staining. Data represent mean ± SE. (F), MDA-MB-468 cells were

pretreated with either Smac control peptide (25 pM) or Smac N-7 peptide (25 pM) for 12
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h, and treated with paclitaxel (100 nM), doxorubicin (100 nM), etoposide (100 nM),

tamoxifen (100 nm), irradiation (5 Gy) or TRAIL (75 nM) for 36 h.

Interactive effects of SmaclDIABLO with chemotherapeutic drugs or TRAIL on

colony formation

Since Smac/DIABLO peptide enhanced the apoptosis-inducing potential of

anticancer drugs, and sensitized TRAIL resistant breast cancer cells, we sought to

examine whether they have similar effects on colony formation (Fig. 3). Tamoxifen,

doxorubicin and paclitaxel inhibited colony formation in both MDA-MD-453 and MDA-

MB-468 cells. In contrast, TRAIL or control peptide had no effect on colony formation.

Similar to apoptosis, Smac/DIABLO peptide enhanced the inhibitory effects of

anticancer drugs on colony formation, and sensitized TRAIL-resistant cells.

_00 Fig. 3. Interactive effects of

so M A--43 ob" Smac/DIABLO peptide with

"Q tTRAL chemotherapeutic drugs or TRAIL on
S40

S20 colony formation. (A), MDA-MB-453
0

control SMW C sM= p cells were pretreated with either Smac

B 'Do control peptide (25 pM) or Smac N-7

13o=,Mo6 peptide (25 pM) for 12 h, and treated
with tamoxifen (100 nm), doxorubicin

20- (100 nM), paclitaxel (100 nM) or
:

Control Smac C Sm=i P TRAIL (75 nM) for 5 days. No. of

colonies were determined by soft agar

assay. Data represent mean ± SE. (B), MDA-MB-468 cells were pretreated with either

Smac control peptide (25 pM) or Smac N-7 peptide (25 pM) for 12 h, and treated with

tamoxifen (100 nm), doxorubicin (100 nM), paclitaxel (100 nM) or TRAIL (75 nM) for 5

days. No. of colonies were determined by soft agar assay. Data represent mean ± SE.
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Smac/DIABLO enhances drug-induced apoptosis and sensitizes TRAIL-resistant

cells through caspase-3 activation

Since Smac/DIABLO augment drug-induced apoptosis and sensitizes TRAIL-

resistant cells, we sought to examine the mechanism of this interaction by measuring

caspase-3 activation. Tamoxifen, doxorubicin and paclitaxel induced caspase-3 activity

in both MDA-MD-453 and MDA-MB-468 cells. In contrast, TRAIL or control peptide

alone had no effect on caspase-3 activity (Fig. 4 A and B). Treatment of cells with

Smac/DIABLO peptide further enhanced drug-induced caspase-3 activation.

Furthermore, the combination of Smac/DIABLO and TRAIL resulted in caspase-3

activity in TRAIL-resistant breast cancer cells. Similar effects Were obtained with full

length Smac/DIABLO (Smac/DIABLO FL) and Smac/DIABLO A55, although

Smac/DIABLO A55 was more potent than Smac/DIABLO FL (Fig. 4 C and D). These

data suggest that Smac/DIABLO enhances the apoptosis-inducing potential of

anticancer drugs and sensitizes TRAIL-resistant cells through caspase-3 activation.
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Fig. 4. Interactive effects of Smac/DIABLO peptide with chemotherapeutic drugs or

TRAIL on caspase-3 activity. (A), MDA-MB-453 cells were pretreated with either Smac

control peptide (25 pM) or Smac N-7 peptide (25 pM) for 12 h, and treated with

tamoxifen (100 nm), doxorubicin (100 nM), paclitaxel (100 nM) or TRAIL (75 nM) for 24
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h. Caspase-3 activity was measured as per the manufacturer's instructions

(Calbiochem). Data represent mean ± SE. (B), MDA-MB-468 cells were pretreated

with either Smac control peptide (25 pM) or Smac N-7 peptide (25 pM) for 12 h, and

treated with tamoxifen (100 nm), doxorubicin (100 nM), paclitaxel (100 nM) or TRAIL

(75 nM) for 24 h. Caspase-3 activity was measured as per the manufacturer's

instructions (Calbiochem). Data represent mean ± SE. (C), MDA-MB-453 cells were

transiently transfected with plasmids expressing Smac/DIABLO full length, Smac A55 or

neo for 24 h, and treated with tamoxifen (100 nm), doxorubicin (100 nM), paclitaxel (100

nM) or TRAIL (75 nM) for 24 h. Caspase-3 activity was measured as per the

manufacturer's instructions (Calbiochem). Data represent mean ± SE. (D), MDA-MB-

468 cells were transiently transfected with plasmids expressing Smac/DIABLO full

length, Smac A55 or neo for 24 h, and treated with tamoxifen (100 nm), doxorubicin

(100 nM), paclitaxel (100 nM) or TRAIL (75 nM) for 24 h. Caspase-3 activity was

measured as per the manufacturer's instructions (Calbiochem).

Effects of Chemotherapeutic drugs on PARP cleavage

Activation of caspase results in cleavage of several substrates such as poly ADP

ribose polymerase (PARP) enzyme that can be used to confirm apoptosis (6, 27).

MDA-MB-468 cells were transiently transfected with plasmids expressing

Smac/DIABLO (MDA-MB-468/Smac/DIABLO) or neo (MDA-MB-468/neo), and treated

with or without doxorubicin, TRAIL, tamoxifen or paclitaxel, for 48 h, and cleavage of

PARP was determined by the Western blot analysis (Fig. 5). The antibody recognizes

only the cleavage product of PARP. Chemotherapeutic drugs significantly induced

PARP cleavage. Overexpression of Smac/DIABLO resulted in enhanced cleavage of

PARP in MDA-MB-468/Smac/DIABLO cells treated with doxorubicin, TRAIL, tamoxifen

or paclitaxel.
MDA-MB-468iNeo MIDA-MB-468/Smac

SU.i•. Fig.5. Interactive effects of

"Smac/DIABLO with

•o • chemotherapeutic drugs or

PARP TRAIL on PARP cleavage. MDA-
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MB-468 cells were transiently transfected with plasmids expressing Smac/DIABLO full

length or neo for 24 h, and treated with doxorubicin (100 nM), TRAIL (75 nM), tamoxifen

(100 nm) or paclitaxel (100 nM) for 24 h. Western blot analysis was performed to

measure the cleavage of PARP. Anti-p-actin antibody was used as a loading control.

Interaction of SmaclDIABLO with lAPs

The apoptotic death of cells requires proteolytic activation of caspases which are

synthesized as latent proenzymes (28, 29). Once activated, caspases cleave a wide

range of molecules (e.g. PARP) that eventually result in the dismantlement of cells (2,

30). Active caspases can be specifically inhibited by inhibitors of apoptosis (IAP). lAP

antagonists (Smac/DIABLO, Omi/HtrA2 and GSPTI/eRF3) compete with caspases for

lAP-binding and consequently relieve caspases and promote cell death. Since

Smac/DIABLO augments drug-induced apoptosis, and sensitizes TRAIL-resistant cells,

we sought to examine the interactions of Smac/DIABLO with clAP1, cIAP2 and XIAP.

MDA-MB-468/Neo and MDA-MB-468/Smac/DIABLO cells were treated with

doxorubicin, paclitaxel, tamaxifen or TRAIL for 24 h (Fig. 6). Cell lysates were

immunoprecipitated with anti-Smac/DIABLO antibody, and immunoblotted with anti-

clAP1, cIAP2 or XIAP antibodies. Treatment of MDA-MB-468/neo with

chemotherapeutic drugs enhanced the interaction of Smac/DIABLO with lAPs.

Interactions of Smac/DIABLO and lAPs were further increased when cells were

transfected with Smac/DIABLO. These data suggest that the ability of Smac/DIABLO to

enhance drug-induced apoptosis is due to sequestration of lAPs, which, in turn, causes

caspase activation and apoptosis.

MDA-MB-A68/Neo MDA-MB-468ISmac
Fig. 6. Interaction of

Smac/DIABLO with lAPs.

0 IF: Smac MDA-MB-468 cells were

A RcIAP1 transiently transfected with
:• 3 533 cIAP: UP2 plasmids expressing

W UX P Smac/DIABLO full length (MDA-
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MB-468/Smac) or neo (MDA-MB-468/neo) gene for 24 h, and treated with doxorubicin

(100 nM), paclitaxel (100 nM), tamoxifen (100 nm) or TRAIL (75 nM) for 24 h. Cells

were harvested, and immunoprecipitated with anti-Smac antibody. Immunoprecipitated

complexes were subjected to SDS-PAGE and immunoblotted with anti-clAP1, anti-

clAP2 or anti-XIAP antibody. Anti-p-acting antibody was used as a control in whole cell

lysate.

KEY RESEARCH ACCOMPLISHMENTS

" Overexpression of Smac/DIABLO gene (full length or A55) or treatment

with Smac/DIABLO peptide enhanced apoptosis induced by paclitaxel,

doxorubicin, and tamoxifen in breast cancer cells.

" Exogenous Smac/DIABLO resulted in an increased interaction of Smac

with lAPs, which correlated with increase caspase-3 activity and

apoptosis.

Smac/DIABLO (gene and peptide) sensitized TRAIL-resistant breast

cancer cell lines to undergo apoptosis through caspase-3 activation.

These data suggest that apoptotic events down-stream of mitochondria

were intact in TRAIL-resistant cells since ectopic expression of

Smac/DIABLO or pretreatment of cells with Smac peptide completely

restored TRAIL sensitivity.

Treatment of nude mice bearing MDA-MB-468 xenografts with

Smac/DIABLO gene or Smac peptide enhanced the effects of

chemotherapeutic drugs (paclitaxel, tamoxifen and doxorubicin) and

sensitized TRAIL-resistant cells to undergo apoptosis.

The ability of Smac/DIABLO agonists to sensitize TRAIL-resistant cells to

undergo apoptosis suggests that Smac/DIABLO may induce fundamental

alterations in cell signaling pathways. Thus, Smac/DIABLO agonists can

be used as promising new candidates for breast cancer treatment by

potentiating cytotoxic therapies.
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REPORTABLE OUTCOMES

Presentations

1. Shankar, S., M. Asim, and R.K. Srivastava. Smac/DIABLO agonists

sensitize Apo2L/TRAIL- or anticancer drug-induced apoptosis in human

breast, prostate and lung cancer. 9 4 th Annual Meeting of the American

Association for Cancer Research, Washington, D.C., July 11-14, 2003.

2. Shankar, S., M. Asim, and R.K. Srivastava. Therapeutic potential of

Smac/DIABLO in cancer. 8 th World Congress on Advances in Oncology,

and 6 th International Symposium on Molecular Medicine. Athens, Greece,

October 16-18, 2003.

3. Singh, T.R., S. Shankar, and R. K. Srivastava. Clinical Significance of

TRAIL in cancer. 8 th World Congress on Advances in Oncology, and 6 th

International Symposium on Molecular Medicine. Athens, Greece, October

16-18, 2003.

4. Shankar, S., M. Asim, and R.K. Srivastava. Sensitization of breast cancer

cells to chemotherapy and ionizing radiation by Smac/DIABLO. 9 5 th

Annual Meeting of the American Association for Cancer Research,

Orlando, FL, March 27-31, 2004.

5. Shankar, S., T. Fandy, M. Asim, and R.K. Srivastava. Therapeutic

potential of a novel Smac/DIABLO in breast cancer. Era of the Hope

Meeting, Department of Defense US Army, Philadelphia, PA, June 8-11,

2005.

CONCLUSIONS

"* Overexpression of Smac/DIABLO gene or Smac peptide enhances the apoptosis

inducing potential of chemotherapeutic drugs.

"* Smac/DIABLO gene or peptide sensitizes TRAIL-resistant breast cancer cells.
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Smac/DIABLO agonists are promising candidates for enhancing therapeutic

potential of anticancer drugs and TRAIL for the treatment of breast cancer.
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